Analysis of intergranular volume in deep (>15,000 feet) sandstones of the Permian upper part of the Minnelusa Formation has demonstrated that porosity loss in these sandstones is largely a function of cementation rather than mechanical compaction or pressure solution. Intergranular volume, defined as the sum of porosity and cements, averages 42% of the rock volume, which approximates the initial (depositional) porosity of eolian and related sands. Quartz cement averages 49% of the intergranular volume, dolomite averages 35%, and porosity averages 13%. Quartz and dolomite cementation are the main cause of porosity loss. The few relatively low values of intergranular volume indicate that compaction occurred locally, possibly due to a lack of early quartz cement.
Introduction
Exploration for hydrocarbons remains active in the eolian sandstones of the Permian upper part of the Minnelusa Formation in the Powder River Basin. Most of the production from the Permian upper part of the Minnelusa is from sandstones at depths ranging from 6000 to 10,000 feet. As the Upper Minnelusa play has matured, most drilling has focused on sandstones in this depth interval. However, some drilling has occurred, and a few fields have recently been discovered (Jorgenson and James, 1988) , at depths greater than 10,000 feet. Several fields, such as Reno, Reno East, and Pheasant, were discovered at depths of approximately 15,000 feet in the 1960's (Wyoming Geological Association, 1981) . Important questions facing the explorationist are 1) how much porosity is present at depths greater than 10,000 feet in the upper part of the Minnelusa, and 2) how is the porosity distributed. The purpose of this paper is to document the evolution of porosity in sandstones of the upper part of the Minnelusa Formation from depths greater than 15,000 feet, the deepest penetrated Minnelusa sandstones in the Powder River Basin. The amount, type, and distribution of porosity at depths greater than 15,000 feet constitute a "worst-case scenario" for porosity in the upper part of the Minnelusa between 10,000 and 15,000 feet.
This study documents a petrographic and scanning-electron microscope (SEM) examination of 37 samples from core of three wildcat wells drilled into the sandstones of the Permian upper part of the Minnelusa Formation at depths ranging from 15,000 to 15,400 feet (Figures 1,2 ). All samples were point-counted for 1) whole-rock composition (Table 1) , 2) determination of sandstone type (Table 2) , and 3) amounts of intergranular volume, porosity, and authigenic constituents (Table 3) .
Facies of the upper part of the Minnelusa
The Permian upper part of the Minnelusa Formation consists of a series of transgressive-regressive depositional cycles, beginning with marine dolomites that grade into shoreline, sabkha, and eolian sandstones (Fryberger et al, 1983; Fryberger, 1984; George, 1984) . These cycles are identified in cores of the deep wells sampled for this study. The samples were taken from shoreline, sabkha, and eolian sandstones, with most of the samples representing eolian ripple and avalanche strata.
Framework Composition of Sandstones
The framework compositions of the sandstones, calculated from point-count data (Tables 1, 2 ), indicate that the average composition is a subfeldspathic arenite. Quartz ranges from 70 to 99% of the framework, feldspar up to 28%, and lithics range up to 7% of the framework. Most sandstones are subfeldspathic arenites, but several sandstones are quartz arenites, using the classification of Pettijohn, Potter, and Siever (1973) . Feldspar is dominantly potassium feldspar; plagioclase is rare (Table 1) . Lithic grains are mainly dolomite clasts, followed by detrital chert.
Intergranular Volume Intergranular volume is defined as the volume of a sandstone that is not occupied by framework grains, and is the sum of porosity and cements. Mechanical compaction and pressure solution decrease the amount of intergranular volume (hence porosity is lost). Cementation results in a reduction of porosity, but does not change the amount of intergranular volume. Most sandstones exhibit some combination of cementation, mechanical compaction, and pressure solution (Houseknecht, 1987; 1988) .
Values of intergranular volume for the deep sandstones of the upper part of the Minnelusa average 42%, with a low of 27%, and a high of 64% (Figure 3 ). The average value of 42% indicates that, overall, little compaction has occurred in these sandstones as initial (depositional) values for intergranular volume are approximately 40% (Houseknecht, 1988) . The low values, however, indicate that some sandstones have been partly compacted, and the highest values demonstrate peripheral replacement of framework grains by cements. The sandstones with intergranular space greater than 50% are those that have been pervasively cemented, and partially replaced, by dolomite. The values below 40% may represent those samples that had little early quartz cement. In contrast to samples with early cement such as quartz, the relatively uncemented sandstones would not have been as protected from compaction. This variability in intergranular space, in closely spaced samples, suggests that the early quartz cement had an irregular rather than a uniform distribution.
Diagenetic Alterations Quartz Cement
Quartz, the first cement to form (Figure 4 ), forms 5 to 36 (averaging 20%) of the volume-percent of the whole-rock. With respect to intergranular volume, quartz cement occupies 13 to 88%, and averages 49%. Quartz forms syntaxial overgrowths that range from small, isolated overgrowths to interlocking mosaics that pervasively cement a local pore system ( Figure 5A ). The porosity remaining in sandstones in which the intergranular volume consists of more than 49% quartz cement is isolated in the centers of the pores, and widely separated ( Figure 5B) . 2
Quartz cementation began early as indicated by the overgrowths surrounding some quartz grains. The quartz cement may have produced a rigid framework that arrested compaction. The irregular distribution of quartz cement means that some sands were not as compacted relative to adjacent sands that were not as cemented.
Anhydrite Cement
Anhydrite cement was found in six samples (Table 1 ). The anhydrite post-dates, and partly replaces, quartz cement ( Figure 6A ). Like quartz, anhydrite cement may have had an irregular distribution, mainly cementing those sandstones with little to moderate quartz cementation.
Anhydrite is found as a poikilitic cement, where single crystals of anhydrite cement several adjacent pores. The anhydrite abuts previous quartz overgrowths, but in many cases replaces the overgrowths and parts of the detrital grains.
Anhydrite Dissolution
Anhydrite cement dissolved to produce secondary intergranular porosity. Evidence for dissolution included optically continuous, isolated remnants of anhydrite, and embayments along the edges of remnant anhydrite (Schenk and Richardson, 1985) . Anhydrite dissolution was isolated, reflecting the initial distribiution of anhydrite cement (samples EA15285-6; EA15294-5; EA15364-5). In these samples the porosity is 8 to 23%, the highest values recorded from the deep sandstones. Thus, isolated areas of anhydrite may have dissolved to produce local porosity highs, whereas adjacent sandstone was cemented mainly by quartz or dolomite.
Dolomite Cement
Dolomite cement comprises an average of 15% of the whole rock in the deep sandstones of the upper part of the Minnelusa and ranges up to 54% (Table 3) . Dolomite occupies up to 84% of the intergranular volume in the sandstones; it averages 35%. Dolomite and quartz together account for an average of 85% of the intergranular volume.
Dolomite occurs as isolated rhombs or as subhedral to anhedral masses of crystals that pervasively cement some sandstones ( Figure 6B ). Dolomite replacement of framework quartz grains is common, and in one sample a sandstone was diagenetically converted to a "dolomite" by replacement (Sample 3-34A-15339). Where dolomite cementation and replacement is pervasive, the differentiation of dolomite cement from dolomite lithic clasts is difficult. Dolomite cement post-dates both quartz and anhydrite cement, as it is found both on and replacing these phases. Dolomite replaces both the quartz framework and overgrowth cement ( Figure 6B ). Dolomite automorphically replaces anhydrite cement, manifested as small rhombs in the anhydrite cement ( Figure 6A ).
Feldspar Dissolution
Potassium feldspar averages 8% in the deep Minnelusa sandstones, and ranges from 1 to 28%. In several samples the feldspars are partially dissolved ( Figure 7A ), forming a small percentage of intragranular porosity ( Table 1 ).
Sandstones that exhibit feldspar dissolution have total porosities greater than 8%; if little or no feldspar dissolution was observed, 3 porosity is generally less than 8%. Thus, a relationship is suggested between total porosity and feldspar dissolution. Samples with pervasive quartz cementation do not exhibit feldspar dissolution. Dolomite rhombs and several detrital chert grains also exhibit some dissolution, possibly related to migrating fluids that partially removed the feldspars. However, dissolution of dolomite and chert is rare, producing only a trace component of porosity.
Hydrocarbon Migration
Hydrocarbons migrated into the sandstones relatively late in the burial history of the upper part of the Minnelusa. Dead oil lines pores in several samples ( Figure 7B ). Many of the thin sandstones in the Energenetics Inc. 12-34 Ackerman core are stained with oil.
Other Diagenetic Phases
Other diagenetic phases observed in trace amounts in the sandstones included illite, chert cement, and pyrite (listed as "others" in Table 3 ).
Illite occurs as lath-like crystals on dolomite and quartz overgrowths, and as thin coatings on detrital grains in one sample (7m-15048). Chert occurred as a cement in the centers of a few pores and as a replacement after dolomite. Pyrite was observed replacing quartz and dolomite, and may have formed as iron in the migrating oil combined with sulfur liberated during anhydrite dissolution. Illite, chert, and pyrite are rare, and contribute little to the evolution of porosity in the sandstones.
Evolution of Porosity
From initial values of approximately 40%, porosity in the deep sandstones of the upper part of the Minnelusa now averages 5% (Table 3) , and ranges up to 23% (Figure 8 ). Porosity averages 13% of the intergranular volume, and ranges up to 45% (Table 3 ). The average value of 42% for intergranular volume demonstrates that cementation was more important in the evolution of porosity than the processes of mechanical compaction and pressure solution.
Quartz was the earliest cement, and probably continued to be deposited throughout much of the burial history of the sandstones as rising basinal fluids cooled, precipitating quartz (Wood and Hewett, 1984) . Pervasive quartz cementation was irregular in distribution. Anhydrite cement and dolomite cement formed later, mainly in areas not cemented heavily by quartz. Dissolution of relatively soluble anhydrite increased porosity (Figure 9 ), but the irregular distribution of anhydrite produced a similar distribution of dissolution porosity. Potassium feldspar dissolution occurred in sandstones that had higher porosities (Table 1) , as fluids were able to pass through the more porous sandstone.
Discussion
The amount of intergranular volume initially present in a sandstone is a function of grain size and sorting (Houseknecht, 1987) , but is also related to depositional process. For example, eolian sands exhibit initial porosities (intergranular volumes) ranging from an average of 39% in ripple strata to 47% in avalanche strata (Schenk, 1983) . The relatively high value for avalanche strata is due to the loose packing of grains produced during avalanche processes. This variability in initial value of intergranular volume demonstrates that caution is necessary when 4 estimating the amount of compaction in a sandstone from the amount of intergranular volume. This caution applies to the sandstones of the upper part of the Minnelusa, as many of the samples were eolian ripple and avalanche strata. As a sandstone is progressively cemented, porosity decreases, and intergranular volume is conserved if compaction is not a factor. In the ideal case, pervasive cementation would, in the absence of mechanical and chemical compaction, conserve initial intergranular volume. However, some cements partially replace framework grains, leading to values of intergranular volume that are as high as 55 to 60%. Peripheral replacement of framework grains is difficult to differentiate from intergranular cementation during point-counting. Thus, replacement serves to increase the values of intergranular volume, although such replacements of framework constituents should strictly be condsidered as part of the intragranular volume. Dolomite is both a cement and a replacement phase in the upper part of the Minnelusa, and sandstones heavily cemented with dolomite exhibit anomalously high values of intergranular volume, indicative of peripheral framework replacement. Dissolution of framework grains leads to the the designation of the porosity as intragranular volume.
The high values of intergranular volume, and the presence of soluble cements such as anhydrite and dolomite, recorded from the deep sandstones of the upper part of the Minnelusa suggest the possibility that porosity greater than 8 to 10% could be present at depth. Anhydrite and dolomite dissolution were noted on a small scale in the sandstones; the possibility exists that these minerals were more pervasive elsewhere. If removed, significant porosity could occur at depth.
Sandstones pervasively cemented with quartz are subject to fracturing, particularly in areas where the sandstones have been structurally modified. The few fields discovered in the deep sandstones, such as Reno, Reno East, and Pheasant, have been associated with anticlinal structures (Wyoming Geological Association, 1981) . The possibility of fracture porosity in deep sandstones cemented by quartz should be considered.
Summary
The loss of porosity in the deep sandstones of the upper part of the Minnelusa Formation is largely a function of quartz and dolomite cementation. The dissolution of anhyhdrite and feldspar may be important locally for porosity that is higher than 8 to 10%. Mechanical compaction and pressure solution played a minimal role in the loss of porosity in these sandstones, as indicated by the values of intergranular volume. INTERGRANULAR VOLUME (%) 
